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ABSTRACT 
 
 Biomass sorghum [Sorghum bicolor (L.) Moench.] is a candidate bioenergy feedstock in 
the Midwest, US. Research suggests that biomass sorghum is more drought tolerant and has 
higher water-use-efficiency (WUE; the ratio of cumulative biomass production to total 
evapotranspiration; g kg-1) than Zea mays (maize) in water-limiting environments. However, 
comparisons of the seasonal evapotranspiration (total ET) and WUE of biomass sorghum and 
maize have focused on irrigated systems and are scarce for the rain-fed, Midwest. We conducted 
a side-by-side comparison of the total ET and WUE of maize and biomass sorghum at a site 
within the US Corn Belt. Total ET was estimated using a micrometeorological method and 
aboveground plant biomass was determined using destructive hand harvests. Theoretical ethanol 
yield (EY; L m-2) and ethanol water requirement (EWR; L water L ethanol-1) were also 
determined for each species.  
Over two non-drought growing seasons, we found similar mean WUE for maize (3.51 ± 
0.26 g kg-1) and biomass sorghum (3.47 ± 0.22 g kg-1). Total ET was 567 ± 26 mm and 600 ± 20 
mm, for maize and biomass sorghum, respectively. The total ET and WUE of maize and biomass 
sorghum were not significantly different in this study (p > 0.1). Maize had significantly greater 
EY and lower EWR, relative to biomass sorghum (p < 0.1). Since drought was not encountered 
during this experiment, our results do not capture the response of total ET and WUE to the full 
range of climate variability in the Midwest, US.  
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 CHAPTER 1. WATER-USE-EFFICIENCY OF SORGHUM 
 
 The water-use-efficiency (WUE) of an agroecosystem can be defined as the ratio of total 
biomass production to total evapotranspiration (ET), over a growing season. As concerns over 
water availability in agroecosystems increase, the WUE of potential bioethanol feedstocks 
should be considered (Richter et al., 2008; Somerville et al., 2010; Vanloocke et al., 2010; 
Zhuang et al., 2013; Bernacchi & VanLoocke, 2015). Modeling studies have shown that 
increases in WUE are required to realize theoretical maximum yields in regions where crop 
production is constrained by water availability (Delucia et al., 2014). Additionally, research has 
shown that as maize yields have increased, the sensitivity of maize to drought has also increased 
(Ort & Long, 2014; Lobell et al., 2014). Therefore, comparing the ET, WUE, and drought-
tolerance of bioethanol feedstocks may help inform decisions on future feedstock 
implementation. 
 WUE varies between C3 and C4 plants (Sage & Monson, 1998). Plants that utilize the C4 
photosynthetic pathway are more water-use-efficient than C3 species in both natural and 
managed ecosystems (Sage & Monson, 1998; Zwart & Bastiaanssen, 2004; Katerji & Mastrorilli, 
2014). The greater WUE of the C4 pathway is due to a CO2 concentrating mechanism in 
specialized bundle sheath cells that permits high photosynthetic rates with reduced stomatal 
conductance in C4 plants, relative to C3 plants (Sage & Monson, 1998). Decreased stomatal 
conductance can reduce transpiration, resulting in water savings (Sage & Monson, 1998).  
Sorghum [Sorghum bicolor (L.) Moench.] is an annual, C4 grass. The sorghum genus is 
composed of several sub-species, including: grain sorghum, a variety grown for grain 
production; sweet sorghum, a sub-type grown for sugar and syrup extraction; and biomass 
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sorghum, a variety bred to produce large amounts of vegetative biomass (Rooney, 2014). 
Globally, sorghum is the 5th most widely produced cereal crop (Rooney, 2007). While sorghum 
is widely cultivated in sub-Saharan Africa and India, the highest sorghum yields are achieved in 
the US, Mexico, Argentina, and Australia, where ample nutrients and commercial hybrids are 
available (Rooney, 2007). Grain sorghum is the most common variety in the US, with over 7 
million ha in production (Rooney, 2007). Sweet sorghum is rich in sugar and is used to produce 
both ethanol and sweeteners (Rooney et al., 2007). Largely composed of cellulose, 
hemicellulose, and lignin, biomass sorghum is a desirable cellulosic bioethanol feedstock 
(Rooney, 2014). 
Sorghum is water-use-efficient and drought-tolerant (Rooney, 2014). Research conducted 
in a Mediterranean region found that sweet sorghum was more water-use-efficient than major 
grain crops, including maize, wheat, barley, and soybean (Katerji & Mastrorilli, 2014). However, 
the WUE of sorghum has been shown to vary with environment, management, and sub-type, 
which has been reported for other species (Zwart & Bastiaanssen, 2004). In a literature review 
we found that the mean WUE of sorghum was 3.4 g kg-1, including both irrigated and rain-fed 
reports for biomass, sweet, and grain varieties (Table 1.1). The mean WUE of biomass sorghum, 
including both irrigated and rain-fed reports, was 3.9 g kg-1, while the corresponding mean WUE 
for grain sorghum and sweet sorghum was 2.7 and 3.6 g kg-1, respectively. Variation in biomass 
sorghum WUE was found, with values ranging from 1-7.4 g kg-1, depending on environment and 
management. For biomass sorghum, the average WUE for irrigated studies was 4.1 g kg-1 while 
the mean WUE for rain-fed systems was 3.6 g kg-1. Reports on the WUE of biomass sorghum in 
rain-fed environments are scarce (Yimam et al., 2015). To address this gap we established an 
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experiment in the rain-fed, Midwest, US, in which we compared the WUE of biomass sorghum 
to maize, the dominant bioethanol feedstock in the region.  
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Table 1.1. WUE values reported in the literature. Each ET, biomass, and WUE entry is 
composed of the mean of values found in each report, and the range in WUE is provided (WUE 
range), when available. Bold values represent the mean WUE as specified. 
Sorghum Water-Use-Efficiency 
ET Biomass WUE WUE 
range 
Variety Location Treatment Source 
mm kg m-2 g kg-1 g kg-1     
243 1.0 4.3 3.0-5.5 Biomass Texas Rain-fed Hao et al., 2014 
544 1.7 2.8 1.0-4.8 Biomass Oklahoma Rain-fed Yimam et al., 2015 
1094 4.4 4.0 - Biomass California Full irrigation Oikawa et al., 2015a 
499 1.8 3.5 3.0-4.6 Biomass Texas Full irrigation Hao et al., 2014 
362 1.4 3.8 3.3-4.7 Biomass Texas Limited irrigation Hao et al., 2014 
675 2.7 5.2 4.1-7.4 Biomass Italy Deficit irrigation Garafolo & Rinaldi, 2013b  
Mean WUE for all biomass sorghum: 3.9 g kg-1 
Mean WUE for rain-fed biomass sorghum: 3.6 g kg-1 
Mean WUE for irrigated biomass sorghum: 4.1 g kg-1 
277 0.4 1.6 1.5-1.9 Grain Texas Rain-fed Tolk & Howell, 2008d 
498 2.5 5.1 4.4-5.7 Grain Italy Full irrigation Steduto et al., 2005e 
584 0.9 1.5 1.3-1.6 Grain Texas Full irrigation Tolk & Howell, 2008d 
559 1.6 2.9 - Grain Arizona Full irrigation Conley et al., 2001 
452 1.2 2.5 1.9-3.1 Grain Spain Deficit irrigation Farre et al., 2006f 
293 1.2 4.1 - Grain Arizona Deficit irrigation Conley et al., 2001 
430 0.7 1.5 1.3-1.8 Grain Texas Deficit irrigation Tolk & Howell, 2008d 
Mean WUE for all grain sorghum: 2.7 g kg-1 
Mean WUE for rain-fed grain sorghum: 1.6 g kg-1 
Mean WUE for irrigated grain sorghum: 2.9 g kg-1 
555 2.7 5.3 4.1-6.0 Sweet Italy Full irrigation Mastrorilli et al., 1995 
406 1.2 3.2 1.9-4.5 Sweet S. Africa Full irrigation Mengistu et al., 2016 
- - 2.4 2.2-2.7 Sweet Italy Full irrigation Dalla Marta et al., 2014 
Mean WUE for all sweet sorghum: 3.6 g kg-1 
 
Mean WUE for all sorghum: 3.4 g kg-1 
Mean WUE for all rain-fed sorghum: 2.9 g kg-1 
Mean WUE for all irrigated sorghum: 3.5 g kg-1 
 
Notes: a. annual sum for 3 harvest periods; b. mean of irrigation treatments ranging from 50-
125% of reference ET; c. mean of irrigation treatments ranging from 50-100% of reference ET; 
d. only grain yield reported (no stover); e. mean of unfertilized and fertilized treatments; f. 
average over a range of six irrigation deficit treatments.  
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CHAPTER 2. BIOMASS SORGHUM AND MAIZE HAVE SIMILAR WATER-USE-
EFFICIENCY UNDER NON-DROUGHT CONDITIONS IN THE RAIN-FED, MIDWEST US 
 
Introduction 
The US is the world’s largest producer of bioethanol (Wang et al., 2012). US bioethanol 
is primarily produced by fermenting Zea mays (maize) grain (RFA, 2016). However, the 
Renewable Fuel Standard (RFS) requires that 60 billion of the 136 billion liters (L) of renewable 
bioethanol must be produced from non-grain (i.e. cellulosic) feedstocks by 2022 (RFA, 2010; 
Fargione et al., 2010; EPA, 2015). Therefore, a transition to dedicated bioethanol feedstocks will 
be required to meet the cellulosic bioethanol production goals established by the 2007 RFS 
(Rooney et al., 2007).  
 Climate change may hinder the ability of US producers to meet biofuel production 
targets, due to projected increases in air temperature, vapor pressure deficit (VPD), the frequency 
and intensity of extreme precipitation, and the number of consecutive dry days in the Midwest 
US (Harding & Snyder, 2014; Pryor et al., 2014; Lobell et al., 2014). Limited water availability 
associated with climate change may constrain maize yields in rain-fed systems (Ort & Long, 
2014), and research demonstrates an increase in the sensitivity of maize to drought, in the rain-
fed, Midwest US (Lobell et al., 2014). A potential adaptation strategy is to grow productive yet 
drought tolerant bioethanol feedstocks with high water-use-efficiency (WUE; Enciso et al., 
2015), defined as the ratio of cumulative biomass produced to total water lost through 
evapotranspiration (ET; the sum of transpiration and evaporation). The cellulosic bioethanol 
goals mandated by the RFS, combined with the projected increase in Midwest climate 
variability, create the potential for novel cellulosic feedstocks in the rain-fed, US Corn Belt—a 
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region characterized by very high growing-season photosynthetic activity (Guanter et al., 2014), 
that includes the US states of Iowa, Illinois, and portions of eastern Nebraska, western Indiana, 
southern Minnesota, and northern Missouri.  
Biomass sorghum [Sorghum bicolor (L.) Moench.] is a photoperiod-sensitive, C4 grass, 
that can accumulate significant vegetative biomass when planted in the mid-latitudes (Mullet et 
al., 2014; Rooney, 2014). As an annual plant with seeding characteristics similar to current row 
crops, the introduction of biomass sorghum into existing crop rotations is more feasible than the 
establishment of perennial feedstocks (Rooney, 2014). Additionally, opportunities exist to 
increase productivity by leveraging genetic variation in the sorghum germplasm (Salas 
Fernandez et al., 2015). 
There is evidence to suggest that sorghum and maize have differing biomass production 
and water dynamics; however, results vary based on environment, management, and species sub-
type (Steduto et al., 1997; Farré & Faci 2006; Zegada-Lizarazu et al., 2012; Oikawa et al., 
2014). Some studies have shown greater biomass production for biomass sorghum than other C4 
species, including maize and switchgrass (Hallam et al., 2001). Sweet sorghum, a variety with 
sugar-rich stems (Rooney et al., 2007), and grain sorghum, both with deep, extensive roots 
(Rooney et al., 2007; Zegada-Lizarazu et al., 2012), produced comparable biomass to maize 
when water was not a limiting factor, and more biomass than maize in water limited 
environments (Farré & Faci, 2006; Schittenhelm & Schroetter, 2014). Sweet sorghum was found 
to be less sensitive to drought than maize (Zegada-Lizarazu et al., 2012), and more water-use-
efficient than maize and other major grain crops (Steduto et al.,1997; Katerji & Mastrorilli, 
2014). However, previous studies on sorghum water dynamics have largely focused on grain-
yielding varieties (Steduto & Albrizio, 2005; Farré & Faci, 2006) and biomass sorghum in 
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irrigated systems (Steduto et al., 1997; Farré & Faci, 2006; Rinaldi & Garofalo, 2013; Narayanan 
et al., 2013; Mullet et al., 2014; Hao et al., 2014 Oikawa et al., 2014; Yimam et al., 2015). 
Consequently, data are limited for sorghum grown specifically for biomass production in rain-
fed systems (Yimam et al., 2015). 
To address this gap, our objective was to compare the total ET and WUE of biomass 
sorghum and maize in the rain-fed, Midwest US. Maize was selected as the control since it is the 
most common C4 crop in our study area, and 98% of bioethanol produced in the US is sourced 
from maize grain (RFA, 2016). While maize and biomass sorghum are both annual C4 species, 
differences in the biophysical (e.g. leaf area index; LAI) and phenological (e.g. crop 
development and growing season duration) properties of the two crops could lead to variation in 
total ET and WUE. Most studies have shown that differences in these properties become 
pronounced when water stress occurs (Steduto et al., 1997; Zegada-Lizarazu et al., 2012), and 
there is little evidence to suggest that biomass sorghum and maize will have different total ET 
and WUE if water stress is minimal (Steduto et al., 1997). Therefore, we hypothesize that unless 
water is limiting, the total ET and WUE of biomass sorghum and maize will be similar. To test 
this hypothesis, a side-by-side trial of biomass sorghum and maize was established to quantify 
total ET, aboveground biomass, and WUE over two consecutive growing seasons at a rain-fed 
site within the highly productive US Corn Belt. 
Methods 
Site description and management 
A completely randomized (n=3) trial of maize and biomass sorghum was established at 
the Iowa State University Agronomy and Agricultural Engineering Research Farm (42.02° N, 
93.78° W) in Boone County, Iowa, US, over the 2014 and 2015 growing seasons. Dominant soils 
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at the site were Webster silty clay loam and Nicollet loam (USDA-NRCS, 1999). Each plot 
occupied an area of 1020 m2 (0.25 acre). In 2014, a maize hybrid (Pioneer P0993AM1) and a 
biomass sorghum variety (Garst 753 BMR) were planted on 3 June at a seeding rate of 27,000 
and 48,850 seeds acre-1, respectively. The same maize and biomass sorghum varieties used in 
2014 were planted on 2 June 2015 at respective seeding rates of 34,000 and 49,000 seeds acre-1. 
The nitrogen application rate for both species was 120 and 150 lbs acre-1 in 2014 and 2015, 
respectively. In each season, row spacing was 0.76 m for both species, which is common for 
maize grown in the region. A broadleaf herbicide (atrazine) was applied on 5 May 2014 at a rate 
of 1.6 qt acre-1; no herbicide was applied in 2015, but plots were cultivated on 2 July 2015. 
Micrometeorology 
A micrometeorological station was located in the center of each plot to quantify 
biosphere-atmosphere fluxes of energy and water. The residual energy balance (REB) method 
was selected due to its ability to detect relative differences in ET among plots of limited fetch 
(Kimball et al., 1994). Numerous previous studies have used the REB method for maize and 
sorghum agroecosystems (Kimball et al., 1994; Triggs et al., 2004; Hickman et al., 2010; 
Hussain et al., 2013). Previous studies (Kimball et al., 1994; Triggs et al., 2004; Bernacchi et al., 
2007; VanLoocke et al., 2012a) have demonstrated that the REB method is appropriate for plots 
of relatively small fetch, since the implementation of radiometric temperature in aerodynamic 
resistance equations reduces fetch requirements compared to other micrometeorological methods 
(Kimball et al., 1994). In the REB method, net flux divergence due to advection, photosynthesis, 
respiration, and canopy storage are assumed to be negligible (Meyers & Hollinger, 2004). 
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Latent heat flux 
Latent heat flux was estimated by solving the surface energy balance equation (e.g. 
Huband 1986; Jackson et al., 1987) for the residual (1) 
𝜆𝐸𝑇 = 𝑅𝑛 − 𝐻 − 𝐺0      (1) 
where λET is latent heat flux (W m-2; positive upward), Rn is net radiation (W m-2; positive 
downward), H is sensible heat flux (W m-2; positive upward), and G0 is soil surface heat flux (W 
m-2; (positive upward) at a depth of 0.10 m. Evapotranspiration (ET; mm), defined as the sum of 
plant transpiration, soil evaporation, and canopy evaporation, was estimated by diving λET by λ 
(latent heat of vaporization of water; J kg-1).  
Net radiation 
Rn was calculated using measurements provided by a 4-component radiometer (NR01, 
Campbell Scientific, Logan, TX (US), which was factory calibrated prior to the experiment.  
Soil heat flux 
G0 was calculated as: 
𝐺0 =  𝐺10 + 𝐶Δ𝑧 (
Δ𝑇
Δ𝑡
)     (2) 
where G10 is the soil heat flux at 0.10 m measured by a soil heat flux plate (HFP01, Hukseflux 
Thermal Sensors, Delft, The Netherlands) buried below the soil surface, C is the volumetric heat 
capacity of soil (approximated as 2 MJ m-3 °C-1) and ΔT is the change in soil temperature over 
time increment Δt (600 s) over depth Δz (0.10 m). Soil heat storage was measured using a 
thermistor (109, Campbell Scientific, Logan, UT, US) buried at a depth of 0.10 m, directly above 
each heat flux plate.  
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Sensible heat flux 
H was calculated as: 
𝐻 =  𝜌𝑎𝑐𝑝
𝑇𝑠−𝑇𝑎
𝑟𝑎
       (3) 
where ρa is the air density (kg m-3), cp is the specific heat capacity of air (J kg-1 °C-1), Ts and Ta 
are the radiometric canopy surface and air temperatures (°C), respectively, and ra is the 
aerodynamic resistance (s m-1). An infrared thermometer (SI-111, Campbell Scientific, Logan, 
UT, US) was used to measure Ts. The infrared thermometer was oriented to view vertically down 
(normal to the crop/soil surface) for all plots in 2014. For the 2015 season, the infrared 
thermometer was oriented parallel to row direction and angled 30o from the vertical. The height 
of the radiation instrumentation was adjusted regularly to maintain at least 0.2 m vertical 
separation from the developing canopy.  
Atmospheric resistance 
Following the method in previous REB studies (e.g. Kimball et al., 1994; Hickman et al., 
2010), ra was calculated using a set of stability dependent conditions (Mahrt & Ek, 1984; 
Jackson et al., 1987). Wind speed (u) was measured using a cup anemometer (14A, Met One, 
Grants Pass, OR, US). Ta was measured with an air temperature and humidity probe (CS215-L, 
Campbell Scientific, Logan, UT, US). The heights of the air temperature probe and anemometer 
were periodically raised to maintain adequate vertical separation from the developing crop 
canopy (Hickman et al., 2010).  
During non-neutral stability regimes with weak wind (defined as |Ts - Ta| > 0.1 °C and u < 
0.1 m s-1, ra
 was solved as:  
𝑟𝑎 =  
𝑝𝑎𝑐𝑝
1.52 |𝑇𝑠−𝑇𝑎|1/3
     (4) 
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if u > 0.1 m s-1, ra was solved as: 
𝑟𝑎 =
1
𝑢
{
1
𝑘
ln [
𝑧−𝑑+𝑧𝑜
𝑧𝑜
]}
2
𝜙    (5) 
where k is Von Kármán’s constant (0.4), z is the height of the instrumentation (m), d is the zero-
plane displacement (m) and zo is the roughness length (m) (Hickman et al., 2010). ϕ is a stability 
correction term. zo and d depend on canopy height (h): 
𝑑 = 0.65(ℎ)       (6) 
𝑧0 = 0.10(ℎ)      (7) 
(Campbell & Norman, 1998). h was measured biweekly by averaging the canopy height at two 
randomly selected locations within each plot. A sigmoidal curve was fit to measurements of h to 
provide canopy height at the time resolution required to calculate ra (Bernacchi et al., 2007).  
For stable conditions (Ts < Ta), ϕ was calculated as: 
𝜙 = (1 + 15𝑅𝑖)(1 + 5𝑅𝑖)0.5     (8) 
 ϕ was calculated for unstable conditions (Ts > Ta) as: 
𝜙 = {
1+𝐾(−𝑅𝑖)0.5
1−15𝑅𝑖
}     (9) 
where the Richardson number (Ri) was calculated as: 
𝑅𝑖 =
𝑔(𝑇𝑠−𝑇𝑎)(𝑧−𝑑)
(𝑇𝑎+273.15)𝑢2
     (11) 
and K was calculated as: 
𝐾 = 75𝑘2
[(𝑧−𝑑+𝑧𝑜)/𝑧𝑜]
0.5
{ln [(𝑧−𝑑+𝑧𝑜)/𝑧𝑜]}2
     (12) 
(Mahrt & Ek, 1984). 
Climate 
On-site observations of air temperature and relative humidity were used to calculate the 
vapor pressure deficit (VPD) for daytime hours (500-1700 local time). VPD was also summed to 
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calculate cumulative daytime VPD (VPDtot). Mean daytime VPD was calculated as the growing 
season average of VPD for daytime hours. Growing season total shortwave radiation (SWtot) was 
calculated as the growing season sum of daily downwelling shortwave radiation. On-site 
micrometeorological data were used to calculate reference evapotranspiration (ETo) using a 
modified Penman-Montieth equation as described in Campbell & Norman (1998). 
Independent climate data (air temperature and precipitation) for Ames, Iowa were 
provided by the National Weather Service Cooperative Observer Program (Iowa Environmental 
Mesonet; http://mesonet.agron.iastate.edu/COOP/dl/normals.phtml; accessed 12/2015). These 
data were analyzed to compare the 2014 and 2015 growing seasons (defined as June 1 (DOY 
152) through November 1 (DOY 305) to the 1981-2010 climatological mean. Accumulated 
growing degree days (GDD) were calculated using a 10 °C base temperature (Campbell & 
Norman, 1998). Monthly reports of Palmer Drought Severity Index (PDSI) for the central Iowa 
USDA Crop Reporting District were acquired from the National Climate Data Center 
(http://www.ncdc.noaa.gov/temp-and-precip/drought/historical-palmers/; accessed 2/2016). 
Biomass  
Aboveground biomass was hand harvested monthly from two randomly selected 1 m2 
areas within each plot; edge rows were excluded to avoid border effects. Dry weights were 
obtained by drying the samples at 60 °C until the sample weight stabilized. The final biomass 
hand harvest was not possible for the maize plots in 2015 due to a severe lodging event in late 
September. Therefore, we extrapolated the maize biomass value from last successful sampling 
date (DOY 265) to the final harvest date (DOY 293), to represent the total harvested biomass.  
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Leaf area index 
Weekly, non-destructive measurements of LAI were obtained with a plant canopy 
analyzer (model LAI-2200; LI-COR Biosciences, Lincoln, NE, US). LAI was determined at 
several points along the length of two randomly selected rows; this procedure was completed two 
times per plot. A scattering correction was applied after data collection for observations made in 
clear sky conditions (LI-COR, 2013). Data collected during periods of severe crop lodging (early 
September 2014 (biomass sorghum) and late September 2015 (maize) were excluded from 
analysis.  
Water-use-efficiency and theoretical ethanol yield 
 WUE (g kg-1) was defined as the ratio of aboveground dry biomass at harvest to total ET 
(e.g. Hickman et al., 2010). To describe differences in the seasonal patterns of WUE, we 
separated productive and non-productive ET. Non-productive ET was defined as the period when 
ET accumulation was positive and biomass accumulation was zero or negative. Theoretical 
ethanol yield (EY, L m-2) was calculated using lignocellulosic conversion metrics for maize 
stover (0.29 L ethanol kg-1 dry biomass) and the leaf and stem components of biomass sorghum 
(0.27 L ethanol kg-1 dry biomass) (Chandel et al., 2010). For maize grain, a starch fermentation 
conversion factor of 0.42 L ethanol kg-1 dry biomass was used (RFA, 2016). The ethanol water 
requirement (EWR, L water L ethanol-1) was defined as the volumetric ratio of total ET to EY 
(Mubako & Lant, 2009).  
Data analysis 
Micrometeorological data were sampled every 10 s and averaged to 10 min intervals. In 
both seasons, measurements began prior to emergence and continued until harvest. The air 
temperature data in one maize plot was replaced with the treatment mean for the entire 2014 
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growing season, due to an instrument failure. Wind speed at one plot was replaced with the 
treatment mean beginning in July 2015, due to intermittent signal loss. Outliers were substituted 
with treatment means. Data gaps never occurred for more than one plot per treatment at any time, 
and represented less than 10% of all time points in 2014, and less than 5% in 2015.  
A linear model was used to analyze differences in final biomass, total ET, WUE, EY, and 
EWR between species. Species, year, and the species by year interaction were treated as main 
effects. Statistical differences were determined using an α of 0.1 established a priori. Treatment 
means are reported as the arithmetic mean of each repetition ± one standard error. A nonlinear 
logistic model was implemented in R to compare the pattern and magnitude of biomass 
accumulation among species (R Core Team, 2006):  
𝑌 =
𝑌𝑎𝑠𝑦𝑚
1 + exp[(t − 𝑡𝑚)/𝑠]
 
where Yasym (kg m
-2) is the maximum biomass, tm (DOY) is the time at which biomass 
accumulation rate is maximum (i.e. inflection point), and s represents the time between 50% and 
ca. 75% of maximum biomass (Archontoulis & Miguez, 2015). 
Results 
Climate 
Daily maximum and minimum air temperatures for the 2014 and 2015 growing seasons 
were similar to the 1981-2010 climatological mean, with no prolonged extreme hot or cold 
events (Fig. 2.1). GDD accumulation for the 2014 and 2015 seasons was similar to the 
climatological mean (Table 2.1). While the rate of GDD accumulation (data not shown) was 
similar for the majority of both growing seasons, warmer temperatures at the end of 2015 
resulted in greater late season GDD accumulation in 2015 relative to 2014. In both seasons, the 
average daily and average daily maximum temperatures were less than the 30-year mean, and 
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precipitation was above average (Table 2.1). VPDtot and SWtot were both greater in 2015 than 
2014 (Table 2.1). Mean daytime VPD was also greater in 2015 (0.67 kPa) than 2014 (0.60 kPa). 
For each month in the study, the PDSI for the central Iowa USDA Crop Reporting District was at 
least moderately moist (PDSI 2.00-2.99) and several months were very moist (PDSI 3.00-3.99) 
or extremely moist (PDSI ≥ 4.00). The PDSI reports suggest that drought did not occur during 
the study, leading us to characterize the 2014 and 2015 growing seasons as non-water limited.  
Crop growth and development 
Maximum canopy height was greater for biomass sorghum than maize (p<0.1; Fig. 2.2a). 
In 2015, both species were taller, relative to 2014 (p<0.1). Final biomass varied significantly 
between the two growing seasons (p<0.1; Table 2.2), as both species produced more biomass in 
2015 (biomass sorghum 2.37 ± 0.19 kg m-2; maize 2.20 ± 0.04 kg m-2), relative to 2014 (biomass 
sorghum 1.80 ± 0.05 kg m-2; maize 1.73 ± 0.09 kg m-2). The effect of species on final biomass 
was not significant (p>0.1). The pattern of crop development suggests that maize developed 
more rapidly, compared to the relatively gradual, prolonged growth of biomass sorghum (Fig. 
2.2a-c). The date of the maximum rate of biomass accumulation (tm) occurred more than 8 days 
later for biomass sorghum, relative to maize (Table 2.3; p<0.1). Biomass sorghum maintained 
green leaves until harvest both years, while maize reached maturity in early October 2014 (DOY 
279) and late September 2015 (DOY 272) (data not shown). Biomass sorghum grain production 
accounted for less than 5% of total aboveground biomass in 2014, and less than and 11% in 2015 
(Table 2.2). Over both seasons, maximum LAI was greater for biomass sorghum than maize 
(p<0.1; Fig. 2.2c). Maximum LAI was greater for both species in 2015 (biomass sorghum 5.6 ± 
0.10 m2 m-2; maize 4.9 ± 0.04 m2 m-2) than 2014 (biomass sorghum 5.1 ± 0.56 m2 m-2; maize 4.0 
± 0.47 m2 m-2; p<0.1). Beginning on DOY 240 in 2015, maize LAI decreased markedly, while 
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biomass sorghum LAI gradually declined (Fig. 2.2c). This difference in LAI between species 
increased through the end of the 2015 growing season, associated with the relatively early 
senescence of maize compared to the prolonged growth of biomass sorghum.  
Energy fluxes 
The growing season mean λET for maize and biomass sorghum in 2014 was 120.4 ± 9.6 
W m-2 and 124.9 ± 5.0 W m-2, respectively. Relative to 2014, values were similar in 2015, with 
122.7 ± 9.5 W m-2 for maize and 129.5 ± 3.4 W m-2 for biomass sorghum. The growing season 
mean λET values for maize and biomass sorghum were not significantly different (p>0.1) and no 
significant difference was detected between growing seasons (p>0.1). Mean diurnal energy 
balance components illustrate seasonal dynamics and species effects in the partitioning of Rn 
(Fig. 2.3). When averaged over each growing season, Rn was primarily partitioned into λET (Fig. 
2.3e,j). In June (DOY 162-181) of each growing season, LAI for both species was less than 1.0 
m2 m-2 (Fig. 2.2c), and H was the largest non-radiative flux (Fig. 2.3a,f). By July (DOY 182-
212), λET became the dominant non-radiative flux, as LAI for both species increased rapidly 
from 1.0-4.0 m2 m-2 (Fig. 2.3b,g). The energy balance components were of similar magnitude for 
the two species in August (DOY 213-243) of each growing season (Fig. 2.3c,h). However, in 
September (DOY 244-273), λET was greater for biomass sorghum than maize, corresponding to 
the part of the growing season when biomass sorghum LAI was higher (Fig. 2.2c), relative to 
maize (Fig. 2.3d,i).  
λET had a seasonal and diurnal pattern (Fig. 2.4). For DOY 210-240 of both growing 
seasons, λET was greater for maize compared to biomass sorghum (Fig. 2.4c,h). This pattern 
reversed near DOY 245 in both seasons, when λET became consistently greater for biomass 
sorghum relative to maize. λET for both species closely aligned with the pattern of VPD and Ta 
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(Fig. 2.4d,e,i,j). The largest values of λET generally occurred during periods of high VPD and 
warm Ta, when atmospheric demand for moisture was greatest. The shift in the pattern of λET 
between treatments may have been influenced by cold Ta, as this transition occurred during a 
period of near-freezing air temperatures in 2014 (DOY 248). 
Evapotranspiration, water-use-efficiency, theoretical ethanol yield, and ethanol water 
requirement 
Total ET did not vary significantly between species or year (p>0.1) (2014: biomass 
sorghum 583 ± 24 mm; maize 567± 43 mm; 2015: biomass sorghum 618 ± 13 mm; maize 568 ± 
39 mm; Table 2.2). Maize ET exceeded that of biomass sorghum for the majority of the 2014 
growing season; however, biomass sorghum maintained ET longer, resulting in similar total ET 
(Fig. 2.5). A similar pattern was observed over the 2015 growing season, although the difference 
in ET accumulation among species before DOY 275 was smaller than observed in 2014. For both 
species, biomass increased linearly with ET accumulation for the majority of each growing 
season (Fig. 2.6). Non-productive ET loss began earlier for maize compared to biomass 
sorghum. As shown in Table 2.2, WUE was greater in 2015 (biomass sorghum 3.8 ± 0.15 g kg-1; 
maize 3.9 ± 0.21 g kg-1), relative to 2014 (biomass sorghum 3.11 ± 0.17 g kg-1; maize 3.12 ± 
0.39 g kg-1; p<0.1). However, WUE was not significantly different between species (p>0.1). EY 
was significantly greater for maize than biomass sorghum (p<0.1), and both species had larger 
EY in 2015, compared to 2014 (p<0.1). The EWR of maize was less than biomass sorghum 
(p<0.1). Relative to 2014, the EWR of both species was lower in 2015 (p<0.1). 
Discussion 
We compared the total ET, WUE, EY, and EWR of biomass sorghum and maize over 
two consecutive growing seasons in central Iowa. While previous work has focused on the water 
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dynamics and biomass accumulation of biomass sorghum in irrigated systems, this work is the 
first to quantify the ET and WUE of biomass sorghum in the rain-fed, Midwest Corn Belt—a 
region where future cellulosic bioenergy production might be concentrated (Bagley et al., 2014). 
As hypothesized, the total ET and WUE of biomass sorghum and maize were similar over two 
growing seasons without water limitation. WUE, EY, and EWR were higher for both species in 
2015, likely due to greater SWtot, GDD, and precipitation in 2015, relative to 2014. Interannual 
variability in WUE was explained by different biomass accumulation between growing seasons, 
rather than changes in total ET, which is consistent with findings in the literature (Steduto et al., 
1997; Narayanan et al., 2013; Hao et al., 2014; Dietzel et al., 2015). While both species had 
similar total ET, the pattern of ET accumulation within the season (Fig. 2.4) might be explained 
by differences in the development and timing of maturity of maize and biomass sorghum (Fig. 
2.2c). Maize cumulative ET was eclipsed by biomass sorghum cumulative ET at a similar time in 
both seasons (DOY 260-270). The timing of this transition corresponded to when LAI began to 
differ significantly between species (Fig. 2.2c, Fig. 2.4).  
Our total ET estimates for biomass sorghum (614-618 mm) are comparable to reports for 
rain-fed biomass sorghum grown in Oklahoma (446-683 mm; Yimam et al., 2015). However, we 
found greater total ET than Hao et al. (2014) who used a soil water content approach for irrigated 
biomass sorghum in Texas (227-517 mm). Oikawa et al. (2014) found higher total ET (1094 
mm) for biomass sorghum grown in the Imperial Valley of California; however, their annual 
total (Feb-Nov) was reported as the sum of ET measured over three growing periods (ratooning) 
in a hot, dry environment. Our total ET estimates for the control maize treatment (564-568 mm) 
are consistent with reports for rain-fed maize in the Midwest, US (450-612 mm; Hickman et al., 
2010; Djaman et al., 2013; Hussain et al., 2013; Zeri et al., 2013; Hamilton et al., 2015). We 
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found similar total ET for maize and biomass sorghum in non-drought conditions, which may 
reduce concerns over regional hydrologic effects associated with the introduction of biomass 
sorghum into Midwest crop rotations (VanLoocke et al., 2010). However additional research is 
needed to address differences in water dynamics in drought conditions. 
Our biomass sorghum WUE observations (3.1-3.8 g kg-1) were similar to the average 
WUE for rain-fed biomass sorghum available in the literature (3.8 g kg-1; Hao et al., 2014; 
Yimam et al., 2015). For irrigated systems, our biomass sorghum WUE results are comparable to 
literature values (3.9 g kg-1; Garofalo & Rinaldi, 2013; Hao et al., 2014; Oikawa et al., 2014). 
However, our WUE estimates are lower than reports for irrigated sweet sorghum in a 
Mediterranean climate (5.3 g kg-1; Mastrorilli et al., 1995).  
Our WUE estimates for maize (3.1-3.9 g kg-1) are similar to the mean for rain-fed maize 
in the Midwest (4.0 g kg-1; Hickman et al., 2010; Djaman et al., 2013; Hamilton et al., 2015). In 
this experiment, maize was planted later than the agronomic optimal planting date for the region. 
Late planting could influence the biomass accumulation and WUE of maize. However, our 
observed maize grain yields in 2014 (180 bu acre-1) and 2015 (207 bu acre-1) were comparable to 
the Boone County average in 2014 (181 bu acre-1) and 2015 (192 bu acre-1) (Johanns, 2016). 
Zegada-Lizarazu et al. (2012) report that WUE of irrigated sweet sorghum was 150% of 
maize in their wet treatment. However, the estimates provided by Zegada-Lizarazu et al. (2012) 
may be influenced by the low soil water content even in the wet treatment. Other investigations 
have found that the WUE of irrigated sweet sorghum was greater than other C4 crops at the 
canopy scale, but similar to other C4 crops at the leaf scale; however, the comparisons were made 
using previously reported WUE values for C4 crops, rather than measurements provided in a 
side-by-side field comparison (Steduto et al., 1997). Research has shown that WUE can vary 
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significantly with climate conditions, complicating comparisons made across different years and 
climates (Narayanan et al. 2013; Bernacchi & VanLoocke, 2015). 
Perennial species have been proposed as water-use-efficient cellulosic bioethanol 
feedstocks for the Midwest (VanLoocke et al., 2012b; Bagley et al., 2014). Our WUE estimates 
for maize and biomass sorghum are greater than previously reported values for perennial 
bioethanol feedstocks, including miscanthus (0.9-1.91 g kg-1) and switchgrass (0.8-2.1 g kg-1; 
Hickman et al. 2010; Zeri et al. 2013; Eichelmann et al. 2015; Yimam et al. 2015). Our EWR 
values (703-1259 l l-1) are comparable to reported EWR values for maize in the Midwest (1174-
1492 L water L ethanol-1; Mubako & Lant, 2009). 
The relatively gradual development of canopy height and biomass that we found in 
biomass sorghum has been reported in the literature (Zegada-Lizarazu et al., 2012; Mullet et al., 
2014). Delayed canopy height development in sorghum has been attributed to significant 
partitioning of assimilate to sorghum roots early in the growing season (Zegada-Lizarazu et al., 
2012). Moreover, previous research has found that assimilate was primarily allocated to sorghum 
stems only once the development of a proliferous root system was complete (Zegada-Lizarazu et 
al., 2012). The prolonged biomass accumulation observed in biomass sorghum was likely 
supported by the maintenance of LAI late in the growing season, relative to maize. The larger 
LAI of biomass sorghum compared to maize may influence canopy interception of precipitation, 
which has been shown to be the largest non-productive ET loss in biomass sorghum systems 
(Yimam et al., 2015). 
While significant treatment differences were not found in this experiment, we expect 
variation in the total ET and WUE of maize and biomass sorghum to be more pronounced in 
seasons with water and/or temperature stress. Irrigation deficit studies have shown that grain 
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sorghum has higher WUE than maize with increasing severity of water stress (Farré & Faci, 
2006). Therefore, it is reasonable to expect that biomass sorghum may be more water-use-
efficient than maize as the Midwest climate becomes increasingly variable (Farré & Faci, 2006). 
Since growth in biomass sorghum is primarily vegetative, it may be less sensitive to the 
projected increase in consecutive dry days during in the late summer (Aug-Sep), that may 
coincide with the timing of critical reproductive processes in maize (Harding & Snyder, 2014; 
Hoffmann & Rooney, 2014; Ruiz-Vera et al., 2015; Hatfield, 2016). Previous research has 
shown that sweet sorghum responds less negatively than maize to imposed drought stress and 
realizes a larger proportion of potential biomass than maize in drought conditions (Zegada-
Lizarazu et al., 2012). The drought tolerance observed in sorghum has been attributed to greater 
root length density, compared to maize, and due to greater partitioning of assimilate to sorghum 
roots than shoots in drought (Zegada-Lizarazu et al., 2012). Greater root length density during 
drought was found to support larger stomatal conductance in sorghum, relative to maize 
(Zegada-Lizarazu et al., 2012).   
While this work focused on water quantity, future research should investigate the 
potential effects of biomass sorghum production on water quality. Loss of nitrate from 
agricultural systems has shown to be influenced by management and nutrient application rate 
(Syswerda et al., 2012). Rooney (2014) found that the nutrient requirements of sorghum were 
less than maize. Additionally, recycling of nutrients has been documented in perennial cropping 
systems which may reduce fertilizer requirements (Smith et al., 2013). Oikawa et al. (2014) 
found that fertilizer requirements for sorghum exceeded those of miscanthus and switchgrass 
grown in the Midwest. This discrepancy may be influenced by the large nutrient demands 
associated with growing sorghum in a hot dry environment (Oikawa et al., 2014). 
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Meeting the cellulosic biofuel production goals established by the 2007 RFS will require 
the transition of existing cropland to alternative biofuel feedstocks (Fargione et al., 2010; Abraha 
et al., 2015). Changes in land use will alter the biophysical properties of the landscape, with 
subsequent effects on the flow and storage of energy, water, and carbon in agroecosystems 
(Bagley et al., 2014). Previous research has emphasized that effects of land conversion on water 
availability must be considered when evaluating potential bioethanol feedstocks (VanLoocke et 
al., 2010). In this experiment, we found biomass sorghum to have higher LAI and a longer 
growing season than maize. Through their effect on the radiative properties of the land surface, 
these differences could influence local climate and hydrology (Bagley et al., 2015). 
Conclusion 
 Biomass sorghum is a potential bioenergy feedstock to meet required cellulosic ethanol 
goals in an increasingly variable climate. We conducted a side-by-side field trial in central Iowa 
over two successive years with similar climate conditions to compare the ET and WUE of 
biomass sorghum with maize, the dominant bioethanol crop in the Midwest US. The results of 
this experiment were consistent with our hypothesis that the total ET and WUE of biomass 
sorghum and maize would be similar for growing seasons without water limitation. 
WUE was similar in 2014 for maize (3.12 ± 0.39 g kg-1) and biomass sorghum (3.11 ± 0.17 g kg-
1). Higher WUE was observed in 2015 than 2014, due to greater biomass accumulation for both 
species in 2015 (sorghum: 3.8 ± 0.15 g kg-1; maize: 3.9 ± 0.21 g kg-1). Our results suggest that 
when unstressed, the WUE of biomass sorghum is comparable to maize and higher than reports 
for perennial grasses (Hickman et al., 2010; Zeri et al., 2013; Eichelmann et al., 2015; Yimam et 
al., 2015). However, since both growing seasons included in our experiment were cooler and 
wetter than average, our results do not capture the full range of vegetation response to Midwest 
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climate variability. Drought did not occur in this experiment, but previous research has found 
that in water-stress conditions, some sorghum varieties had higher WUE than maize (Farré & 
Faci, 2006). Therefore, further research on sorghum performance in varied climate conditions is 
necessary to better understand the range of ET and WUE in the rain-fed, Midwest. 
 
 
 
 
 
 
Table 2.1. Weather variables for the study period and the 30 year climatological mean. Mean 
daily temperature (₸), mean daily maximum (₸max) and minimum (₸min) temperatures, 
cumulative growing degree days (GDD), and precipitation (Precip) for the 30-year (1981-2010) 
climatological mean, and the 2014 and 2015, growing seasons (data provided by Iowa 
Environmental Mesonet). Also shown is mean daytime VPD (VPD), cumulative daytime VPD 
(VPDtot), and cumulative shortwave radiation (SWtot) for the 2014 and 2015 growing seasons. 
VPD, VPDtot, and SWtot were calculated using data gathered at the experiment site. 
 
Climatological Variables 
Year ₸ ₸max ₸min GDD Precip VPD VPDtot SWtot ETo 
 (°C) (°C) (°C) (°C day) (mm) (kPa) (kPa) (MJ m-2) (mm) 
1981-2010 19.2 25.2 13.1 1422 528 - - - - 
2014 18.7 24.1 13.3 1376 678 0.60 5290 2164 408 
2015 19.0 24.9 13.2 1423 740 0.67 5850 2310 446 
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Table 2.3. Results from the nonlinear model used to fit biomass data. Parameters shown for 
maximum biomass (Yasym), day of year corresponding to inflection point (tm), and the duration of 
time between 50 % and ca. 75 % of maximum biomass (s) for the control (maize) and the 
sorghum-maize difference (Δ).  
Model Parameters  
Species Value Units p-value 
Yasym
 (maize) 2.0 kg m-2 < 0.001 a 
tm (maize) 216.0 DOY < 0.001
 a 
s (maize) 12.9 DOY < 0.001 a 
ΔYasym 0.07 kg m-2 0.532 
Δtm 8.3 DOY 0.003 a 
Δs 3.7 DOY 0.077 a 
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Figure 2.1. Daily maximum (T max, circles) and minimum (T min, triangles) air temperature for 
2014 (top) and 2015 (bottom) compared to the 1981-2010 climatological mean (gray lines). 
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Figure 2.2. Observed canopy height (a), dry biomass (biomass) (b), and leaf area index (LAI) (c) 
for maize (open) and biomass sorghum (filled) over the 2014 (circles) and 2015 (triangles) 
growing seasons.  
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Figure 2.3. Mean diurnal energy flux components and vapor pressure deficit (VPD, scaled to 
dPa for comparison) for select months of the 2014 (a-e) and 2015 (f-j) growing seasons. Also 
shown is the growing-season (GS) mean. Net radiation (black), sensible heat flux (red), latent 
heat flux (dark blue), soil heat flux (green), and VPD (light blue) for maize (dashed lines) and 
biomass sorghum (solid lines).  
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Figure 2.4. Diurnal (x-axis) and seasonal (y-axis) latent heat flux for maize (a,f), biomass 
sorghum (b,g), and maize - biomass sorghum treatment difference (c,h); also included are 
abiotic forcing terms: vapor pressure deficit (d,i), and air temperature (e,j); 2014 (a-e) and 2015 
(f-j).
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Figure 2.5. Cumulative evapotranspiration (ET) for biomass sorghum (sorg, gray) and maize 
(black) over the 2014 (solid) and 2015 (dashed) growing seasons.  
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Figure 2.6. Relationship between dry biomass and cumulative evapotranspiration (ET) for 
maize (open) and biomass sorghum (filled) over the 2014 (circles) and 2015 (triangles) growing 
seasons. 
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CHAPTER 3. CONCLUSION 
 
In a field experiment, we showed that the total ET and WUE of maize and biomass 
sorghum were similar over two growing seasons without water limitation. Our results from two 
unstressed growing seasons highlight the potential for biomass sorghum to produce comparable 
biomass to maize, without using significantly more water. Our findings suggest that when water 
is not limiting, biomass sorghum will likely not strongly alter regional hydrology, relative to 
maize. The WUE estimates provided in the experiment are greater than values reported for 
perennial bioethanol feedstocks (Hickman et al., 2010; Zeri et al., 2013; Eichelmann et al., 2015; 
Yimam et al., 2015). A review of the literature reveals that ET and WUE vary with location, 
climate, and methodology. Side-by-side experiments can provide relative estimates of total ET 
and WUE and can avoid some of the complications associated with making comparisons across 
location and methodology.  
However, our experiment did not address the effect of water stress or temperature stress 
on total ET and WUE. Climate model simulations project increases in air temperature, the 
frequency and intensity of extreme precipitation, and the number of consecutive dry days in the 
Midwest US (Harding & Snyder, 2014; Pryor et al., 2014). Such projections may pose the 
question: how might the ET and WUE of maize and biomass sorghum compare in future 
climates?  
Differences in the ET and WUE of maize and biomass sorghum may be influenced by 
how the species respond to drought. Research has shown that sorghum WUE increased in 
response to increasing water stress, relative to maize (Farré & Faci, 2006). Sorghum’s drought 
tolerance has been attributed to: resilience to heat, adjustment of osmotic potential, root system 
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structure, waxy leaf surfaces, and leaf rolling (Rooney, 2007). As discussed previously, the 
vegetative growth of biomass sorghum contributes to increased drought-tolerance, relative to 
species that undergo reproductive growth (Rooney, 2014; Sánchez et al.,2014). During water 
stress conditions, biomass sorghum can temporarily suspend growth until sufficient water 
becomes available (Mullet et al., 2014; Rooney, 2014). Sorghum rooting depths up to 1.5 m 
permit the extraction of water from deep in the soil profile (Rooney, 2014).  
Sorghum production may be constrained by cool soil temperatures at planting. Sorghum 
germination occurs for soil temperatures greater than 16 °C (60 °F) and temperatures below this 
threshold can stop the germination process (Rooney, 2014). If sorghum production expands into 
higher latitudes, the effect of soil temperatures on germination and growth must be considered 
(Rooney, 2014). However, warmer temperatures associated with climate change may reduce the 
impact of cold soil temperatures on sorghum production in the future (Harding & Snyder, 2014; 
Pryor et al., 2014). Improving cold-tolerance in sorghum is an area of active research (Yu & 
Tuinstra, 2001; Rooney, 2014). Earlier planting dates could effectively increase the length of the 
growing season and the potential accumulation of biomass. In our experiment we observed that 
biomass sorghum growth was gradual, relative to maize, which may decrease solar radiation 
interception efficiency early in the growing season. 
The response of maize growth to elevated temperature has been studied in the literature ( 
Ruiz-Vera et al., 2015; Hatfield, 2016). When subjected to a 4 °C temperature increase in 
chamber studies, maize grain yield was found to decrease by 84-100% while vegetative biomass 
was less affected (Hatfield, 2016). Less severe reductions in maize grain yield have been 
documented in field studies (Ruiz-Vera et al., 2015). For example, Ruiz-Vera et al. (2015) found 
that elevated temperature decreased maize yield by 14% but increased vegetative biomass 
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production by 16%. The previously mentioned mechanisms that increase drought-tolerance in 
sorghum may also buffer the adverse effects of temperature. Further research comparing the 
response of maize and biomass sorghum to elevated temperatures is necessary.  
The long growing season observed in sorghum could result in increased ET (Bagley et 
al., 2015). Growing season duration has been shown to impact regional hydrology through 
changes in ET and drainage (Vanloocke et al., 2010). Additionally, increases in LAI have been 
shown to increase ET (Le et al., 2011), suggesting that the relatively large and prolonged LAI of 
biomass sorghum could support significant ET late into the growing season. Dense crop canopies 
and intensely managed agroecosystems have been shown to reduce maximum summertime 
temperatures in the Corn Belt (i.e. warming hole) to the extent that water is available (Mueller et 
al., 2015). Therefore, if water becomes more limited in future climates, the ability for maize to 
regulate summertime temperatures may be inhibited. Sustained ET associated with biomass 
sorghum may preserve the observed warming hole in the Midwest, US (Mueller et al., 2015). 
In a non-drought field study, we found similar total ET and WUE for maize and a high-
biomass sorghum variety. Variability, and projected changes in climate, may alter the total ET 
and WUE for maize and biomass sorghum in the future. Some projected changes in climate may 
favor biomass sorghum over maize. However, to better evaluate biomass sorghum as a bioenergy 
feedstock in the Midwest, US, more research on the ecosystem services and response of biomass 
sorghum to climate change is required. 
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CHAPTER 4. ENDURING UNDERSTANDINGS 
 
This thesis illustrates my grasp of the Enduring Understandings as specified in the 
Agricultural Meteorology Graduate Major. A description of how each Enduring Understanding 
was addressed is provided below.  
1. Science is characterized by the formulation, testing, and revision of hypotheses. 
This thesis is hypothesis driven. We initially hypothesized that when water-limited, 
biomass sorghum would be more water-use-efficient than maize in the rain-fed, Midwest, US. 
However, the 2014 growing season was wetter than average. Since water limitation did not 
occur, our hypothesis was not testable in 2014. Prior to the 2015 growing season we revised our 
hypothesis. The revised hypothesis read “maize and biomass sorghum will have similar water-
use-efficiency, if water is not limiting”. The subtle change in language made the revised 
hypothesis testable over the relatively wet 2014 and 2015 growing seasons. 
2. Conservation laws govern the fluxes of mass and energy among the soil, vegetation, and 
atmosphere. 
The residual energy balance method is an elegant manifestation of the law conservation 
of energy (Campbell & Norman, 1998). Energy is neither created nor destroyed. The energy 
entering an imaginary control volume must balance the energy exiting a control volume. Due to 
the law of conservation of energy, one can use the residual energy balance method to estimate 
latent heat flux without directly measuring it.   
3. Feedbacks exist between agricultural ecosystems and the atmosphere. 
Plants are biological organisms that must remain within lethal limits of temperature and 
moisture to survive (Campbell & Norman, 1998). To survive, plants have evolved to employ 
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strategies to induce negative feedbacks between agricultural ecosystems and the atmosphere. The 
diurnal course of the energy balance components of a maize canopy on a clear day in July 
illustrate such a negative feedback. As net radiation increases with increasing insolation, some 
energy will be absorbed by the crop canopy causing it to warm. As the canopy temperature 
warms the saturation vapor pressure in the crop’s leaves will increase exponentially. This will 
increase the vapor pressure deficit (VPD) between the interior of the crop leaves and the 
atmosphere. An increase in VPD will promote transpiration and associated evaporative cooling, 
resulting in cooling of the leaf. This example illustrates a negative feedback. The initial 
perturbation from equilibrium (the warming leaf) was countered by a restoring process 
(evaporative cooling) that brought the leaf temperature closer to its original state.  
4. “Essentially all models are wrong, but some are useful.” (Box & Draper, 1987). 
The residual energy balance method is a model; it is a simplification of reality. In the 
residual energy balance method it is assumed that the net flux divergence due to advection, 
photosynthesis, respiration, and canopy storage are negligible (Meyers & Hollinger, 2004). In 
reality energy fluxes associated with these processes is non-zero; however, in practice such 
fluxes are ignored. Nonetheless, the method can be used to glean useful information about the 
energy and water fluxes between agricultural ecosystems and the atmosphere.  
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APPENDIX 1 
ATMOSPHERIC RESISTANCE 
For vegetated surfaces, atmospheric resistance (ra) exhibits a non-linear response to 
various combinations of the canopy-air temperature gradient (Ts – Ta), horizontal wind speed (u), 
and a height term (h) that considers the height of instrumentation relative to the height of the 
vegetation canopy. ra can be solved for various atmospheric stability and horizontal flow regimes 
(Mahrt & Ek, 1984; Jackson et al., 1987; Hickman et al., 2010). ra for maize and biomass 
sorghum fields was calculated in a field experiment over the 2014 and 2015 growing seasons 
following the methodology described in Chapter II (Mahrt & Ek, 1984; Jackson et al., 1987; 
Hickman et al., 2010). A step-by-step flowchart illustrates the decision-making process involved 
in the calculation of ra (Fig. A1.1). Example diurnal patterns of ra, (Ts – Ta), and u are shown in 
Fig. A1.2. Note the inverse relationship of ra and (Ts – Ta), and u. Generally, low ra occurs when 
wind speed is strong and the canopy-air temperature gradient is large.  
Conceptually, ra governs the ease by which sensible heat is exchanged between the 
vegetated surface and the atmosphere. The response of sensible heat flux (H; W m-2) to ra is 
shown below (Fig A1.3). H demonstrates a sensitivity to h (i.e. separation, defined as the 
difference between instrumentation height and canopy height). With 1.5 m separation, H remains 
within reasonable magnitude for temperature gradients as large as 20 °C. Any increase in wind 
speed enhances reduces ra, thereby increasing H. Conversely, a separation of 0.1 m can produce 
extremely large values of H for small temperature gradients (i.e. 5 °C), provided winds are 
strong. These figures suggest that large values of H can occur even for adequate values of h.  
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Figure A1.1. The decision-making process used to calculate atmospheric resistance (ra) for 
various atmospheric stability and flow conditions (Mahrt & Ek, 1984; Jackson et al., 1987; 
Hickman et al., 2010). 
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Figure A1.2. Example diurnal pattern of atmospheric resistance (ra; top, black), canopy-air 
temperature gradient (Ts – Ta; bottom, green), and wind speed (u; bottom, blue).  
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Figure A1.3. The response of sensible heat flux (H) to atmospheric resistance (ra) for 
observations made in maize and biomass sorghum plots over the 2014 and 2015 growing seasons 
in central, Iowa. 
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Figure A1.4. The response of sensible heat flux (H) to the canopy-air temperature gradient, and 
wind speed, for various degrees of instrumentation height – canopy height differences 
(separation). 
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Figure A1.5. Diurnal (x-axis) and seasonal (y-axis) atmospheric resistance (ra) for maize (left), 
biomass sorghum (sorg, center), and the maize – biomass sorghum difference (maize – sorg, 
right) over the 2015 growing season. 
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Figure A1.6. Diurnal (x-axis) and seasonal (y-axis) wind speed (m s-1) for maize (left), biomass 
sorghum (sorg, center), and the maize – biomass sorghum difference (maize – sorg, right) over 
the 2015 growing season. 
 
 
  
50 
 
APPENDIX 2 
LEAF GAS EXCHANGE MEASUREMENTS 
 
A portable leaf chamber instrument (model Li-6400; LI-COR Biosciences, Lincoln, NE, 
US) was used to make survey measurements of leaf photosynthesis over the diurnal course of 
three days during the 2015 growing season. Two samples were measured per plot. The air 
temperature and photosynthetically active radiation (PAR) inside the instrument chamber were 
controlled to reflect the ambient environmental conditions at the field site. Diurnal patterns of 
carbon assimilation rate (A, μmol CO2 m-2 s-1) measured on 3 August 2015, 22 August 2015, and 
16 September 2015 are shown below. Also shown is the response of A to vapor pressure deficit 
(VPD).  
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Figure A2.1. The diurnal pattern of carbon assimilation rate (A, μmol CO2 m-2 s-1) for maize (red 
line) and biomass sorghum (blue line) measured on 3 August 2015. Measurements were made 
with a portable leaf photosynthesis instrument (Li-6400). 
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Figure A2.2. The diurnal pattern of carbon assimilation rate (A, μmol CO2 m-2 s-1) for maize (red 
line) and biomass sorghum (blue line) measured on 22 August 2015. Survey measurements were 
made with a portable leaf photosynthesis instrument (Li-6400). 
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Figure A2.3. The diurnal pattern of carbon assimilation rate (A, μmol CO2 m-2 s-1) for maize (red 
line) and biomass sorghum (blue line) measured on 16 September 2015. Survey measurements 
were made with a portable leaf photosynthesis instrument (Li-6400). 
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Figure A2.4. The response of carbon assimilation rate (A, μmol CO2 m-2 s-1) to VPD (vapor 
pressure deficit) for maize (red points) and biomass sorghum (blue points). Data were gathered 
over the course of three days in the 2015 growing season (3 August, 22 August, 16 September). 
